When certain monocytic, phagocytic cells from animals sensitized to a foreign antigen are maintained in tissue culture, their migration is inhibited by the addition of the sensitizing antigen to the culture medium (1, 2). These cells can be considered to be hypersensitive to antigen. Such cellular hypersensitivity is elicited specifically by the sensitizing antigen and can be demonstrated regularly in cultures of several organs of guinea pigs injected with emulsions of foreign proteins in complete Freund's adjuvant (3).
When certain monocytic, phagocytic cells from animals sensitized to a foreign antigen are maintained in tissue culture, their migration is inhibited by the addition of the sensitizing antigen to the culture medium (1, 2) . These cells can be considered to be hypersensitive to antigen. Such cellular hypersensitivity is elicited specifically by the sensitizing antigen and can be demonstrated regularly in cultures of several organs of guinea pigs injected with emulsions of foreign proteins in complete Freund's adjuvant (3) .
That such cellular hypersensitivity to antigen is a manifestation specifically of delayed type hypersensitivity was suggested by the observation that antigen induced little inhibition of migration of cells from animals exhibiting primarily antibody-mediated, Arthus or anaphylactic hypersensitivity (4). George and Vaughan (5) have reported that, though spleen cells from certain ovalbuminsensitized animals produced antiovalbumin antibody in tissue culture, migration of these cells was not inhibited by the antigen. Hypersensitivity of such cells, under these circumstances, is not related to the appearance of serum antibody and appeared therefore to be a manifestation of the same aspect of the immune response as delayed cutaneous hypersensitivity.
Benacerraf and Gell (6) and Salvin and Smith (7) reported that the antibody produced by guinea pigs in response to sensitization with haptene-protein conjugates reacts with the haptene attached to several protein carriers, while in contrast, delayed cutaneous hypersensitivity is elicited specifically by the haptene-protein conjugate with which the animal was sensitized. In contrast to hypersensitivity mediated by serum antibody, delayed cutaneous hypersensitivity can be characterized by this specificity for the protein moiety of * Presented in part at the annual meeting of the Amerlca~ Association of Immunologists, Chicago, 1964. :~Present address: Department of Medicine, Baylor University College of Medicine, Houston, Texas. 1231 haptene-protein conjugates as well as by its independence of serum antibody and its stimulation by adjuvants containing mycobacteria (8, 9) . The present studies indicate the extent to which these characteristics of delayed cutaneous hypersensitivity are shared by cellular hypersensitivity in tissue culture.
Materials and Methods
Animals and Sensitization.--300 to 500 gm Hartley strain guinea pigs were used throughout. Animals sensitized without adjuvant received 5 doses of 1 mg of antigen in borate-buffered saline I intraperitoneally on alternate days followed 5 days later by 0.2 mg intradermally. Animals sensitized with complete 2 or incomplete 8 Freund's adjuvant received 1.0 ml of a water-in-oil emulsion containing equal parts of antigen solution and adjuvant. The emulsion was injected in 8 intradermal sites and in each foot-pad. Antigens employed were picrylated according to the method of Benacerraf and Levine (10) . The materials picrylated were bovine gamma globulin 4 (BGG), human serum albumin 5 (HSA), porcine gelatin, 6 hen ovalbumin, 7 and a saline extract of Harfley guinea pig skin. 8 These serum proteins contained 31 to 36 picryl groups per mole of protein as measured by ultraviolet absorption at 345 m#. The picryl gelatin contained 0.05 #g picryl per/zg of protein. Picryl e-aminocaproic acid was used as the standard (10) .
l~reparation of Tissue Cultures.--The methods used have been described previously (3) and were modifications of those reported by Heilman et al. (11) . Fragments of guinea pig spleen or lung were implanted in homologous plasma which was clotted by the addition of homologous serum containing a freshly prepared extract of 8-day-old chicken embryos. After 5 days at 37°C, large monocytic cells, capable of phagocytosis, migrated from the cultured fragments into the surrounding plasma clot. The average distance from each tissue fragment to the outer edge of cell migration was calculated from multiple measurements with an ocular micrometer. Under each experimental condition, the migration from eight tissue fragments was determined and averaged. Tissue from each animal was cultured in the presence and in the absence of antigen. Inhibition of migration was expressed as the per cent by which migration of each animal's cells was inhibited in cultures containing antigen. migration with antigen Inhibition of migration --1 --migratio-----n witho----~ut antig----~n/ X 100 Each experiment included tissue from either a normal control animal or an animal injected with adjuvant alone. The antigens employed regularly produced no more than 10 per cent inhibition of migration of cells from such control animals (e.g. Fig. 1 (12) . One-tenth ml of serial twofold serum dilutions in phosphate-buffered saline, pH 7.4, was injected intradermally at least 3 hours before the intravenous injection of 0.3 mg of antigen.
Precipitating antibody was determined by a modification of the methods of Heidelberger and Kendall (13) and Talmage and Maurer (14) . The precipitin mixtures contained 0.3 ml of antiserum (heated at 56°C for 30 minutes), 0.3 ml of the appropriate dilution of antigen in borate-buffered saline, and one drop of antigen labeled with iodine 1~ (15) . The drop of antigen contained approximately 0.5 #g of protein and 2500 cPM of iodine 1~. The specific precipitates were washed twice in 2 to 5 ml of borate-buffered saline. Radioactivity of each precipitin mixture and of the resulting precipitate were determined in a sodium iodide well, crystal scintillation counter) Per cent antigen precipitated and antigen content of the precipitates was calculated. Precipitated protein was determined by the method of Lowry et al. (16) , using BGG as a standard for antibody globulin. 
Inhibition of migration
Picryl skin extract 
RESU'LTS

Specificity of the Interaction of Antigen with Cells and with Antibody.--Guinea
pigs were injected with picryl guinea pig skin extract in complete Freund's adjuvant. Mter 6 to 12 weeks, splenic fragments from 6 sensitized and 6 normal animals were cultured in the absence of antigen and in the presence of either picryl skin extract or picryl ovalbumin (Table I) . Neither antigen significantly inhibited migration of cells from normal guinea pigs. Migration of cells from sensitized animals was inhibited by the sensitizing conjugate, picryl skin extract, but not by the picryl haptene in the form of a heterologous conjugate, picryl ovalbumin. Although cells from animals sensitized with picryl skin extract were insensitive to the heterologous conjugate of picryl to ovalbumin, their migration was slightly inhibited by picryl HSA, picryl gelatin, and the carrier material, skin extract not altered by picrylation (Table II) . The degree of inhibition produced by these latter materials was significant (Student's t test; p < 0.01). Anti-guinea pig serum reacted with a material in the picryl skin extract which in gel diffusion studies cross-reacted with guinea pig albumin. Reactivity of cells to the heterologous plcryl proteins may reflect cross-reactivity of these antigens with those in the complex skin extract.
The specificity of cellular hypersensitivity was also tested with animals sensitized with picryl BGG or picryl gelatin in complete Freund's adjuvant. During the 3rd week after injection lung fragments from these animals and from normal animals were cultured in the presence of the sensitizing and the heterologous picryl conjugate (Fig. 1) . Migration of cells from normal animals was not inhibited by either picryl BGG or picryl gelatin, whereas migration of cells from the sensitized animals was regularly and specifically inhibited by the sensitizing conjugate. Some sensitivity of cells from picryl gelatin sensitized animals to unconjugated carrier gelatin was also noted.
That the specificity of the inhibition of migration is not dose-dependent is indicated in Fig. 2 . Migration of cells from the animal sensitized with picryl BGG (broken line) was nearly maximally inhibited by the addition to the cultures of 5 /~g/ml of this antigen. In contrast, as much as 80/~g/ml of the heterologous conjugate (picryl gelatin) produced no significant inhibition of cell migration. Similarly, nearly maximal inhibition of migration of cells from a picryl gelatin-sensitized animal was induced by 10 #g/ml of picryl gelatin while 80 #g/ml of picryl BGG was not inhibitory. In this tissue culture system, 10 #g/ml of protein antigens regularly induces near maximal inhibition of migration of sensitive cells, and as little as 1 ~g/ml may produce small but significant degrees of inhibition.
To compare the specificity of cellular hypersensitivity with the specificity of serum antibody, three groups of 7 to 10 animals each were sensitized with either picryl gelatin, picryl BGG, or picryl skin extract in complete adjuvant. During the 3rd week of sensitization, sera and cultures of lung fragments of individual animals were tested with the sensitizing conjugate and with a heterologous picryl conjugate. Serum PCA antibody and cellular hypersensitivity exhibited different specificities (Table III) . Though serum antibody reacted well with either conjugate, cell migration was markedly inhibited by the sensitizing conjugate, but slightly if at all by heterologous conjugates. The content of precipitating antibody in sera from 10 picryl BGG-sensitized animals did not differ whether measured with picryl BGG or picryl HSA (respectively 2072 and 1997 #g antibody protein/ml antiserum). In passive cutaneous anaphylaxis sera of animals sensitized with picryl gelatin reacted well with picryl gelatin, picryl BGG, or picryl HSA; paradoxically in precipitation a variety of guinea pig and rabbit antipicryl gelatin sera precipitated poorly with picryl gelatin, but reacted well with picryl B GG or picryl HSA. Similar results have been reported by Hooker et al. (17) with rabbit antigelatin diazoarsanilic acid sera. In Fig. 3 is shown representative precipitin curves obtained with such an antipicryl gelatin serum. Despite the fact that precipitation occurred well with picryl BGG and poorly with picryl gelatin, cells from this serum donor were inhibited by picryl gelatin, not by picryl BGG. antibody, groups of guinea pigs, matched for age and sex, were sensitized simultaneously, one group with a picryl conjugate in complete Freund's adjuvant and a second group with the antigen in incomplete adjuvant. Three picryl conjugates and six groups of animals were studied (Table IV) . Each animal received 200 #g of antigen protein. During the 3rd week after sensitization, lung fragments from 8 to 10 animals of each group were tested with the sensi-CELLULAR HYPERSENSITMTY. II tizing conjugate. Antibody was measured by precipitation and by passive cutaneous anaphylaxis. Since picryl gelatin was precipitated poorly (see above), precipitating antibody in the sera of picryl gelatin sensitized animals was measured by reaction of these sera with the heterologous conjugate, picryl BGG. Otherwise, antibody was determined by reaction with the sensitizing picryl conjugate. Cells from animals sensitized with the mycobacterial adjuvant were inhibited to a greater degree than were cells from animals sensitized with the incomplete adjuvant. In contrast to this enhanced cellular hypersensitivity, levels of circulating antibody were not significantly greater after sensitization with the mycobacterial adjuvant (Table IV) .
Development of Cellular Hypersensitivity in the Absence of Adjuvant.--Pic-
rylated gelatin was administered intraperitoneally to guinea pigs in five 1 mg doses on alternate days. Five days later, 0.2 mg was injected intradermally. At intervals during and after sensitization, pairs of animals were sacrificed and the effect of picryl gelatin and of picryl BGG on cell migration from lung explants was determined; the serum antibody of these animals was estimated by passive cutaneous anaphylaxis. The results are shown in Fig. 4 . Cellular sensitivity to picryl gelatin was demonstrable the day following the last intraperitoneal injection of antigen. It increased during the next 10 days and then subsided over 3 weeks. Some inhibition of migration was still detectable in certain animals a month after the last dose of antigen. Transiently some reactivity to the heterologous conjugate was detected. This kind of experiment was also carried out with tissue from animals given picryl BGG and similar results were obtained.
Again serum antibody, as measured by passive cutaneous anaphylaxis, was apparently unrelated to cellular sensitivity. Though these two expressions of the immune response appeared together, circulating antibody persisted for at least 5 weeks in unchanged titer as cellular hypersensitivity waned.
DISCUSSION
Utilizing the inhibitory effect of antigen on migration in tissue culture of cells from sensitized animals, evidence has been presented to indicate that cellular hypersensitivity, like delayed cutaneous hypersensitivity, is elicited specifically by the haptene-protein conjugate used in sensitization, 1° is stimulated by adjuvants containing mycobacteria, and is independent of the level of circulating antibody.
Cellular hypersensitivity to picrylated porcine gelatin and to picrylated bovine y-globulin was elicited with remarkable specificity by the sensitizing picryl-protein conjugate. On the other hand, where some degree of cross-reactivity could be expected between the carrier protein moieties of two haptene conjugates, sensitization with one led to the development of some cellular sensitivity to the other. Thus the picryl skin extract could be expected to contain both collagen and guinea pig albumin, and migration of cells from animals sensitized with this extract was somewhat inhibited by picryl conjugates of gelatin, a collagen derivative, and of human serum albumin.
The prominent development of delayed hypersensitivity to protein antigens administered into a tuberculous focus was described by Dienes (8) In the experiments presented here, cellular hypersensitivity developed after sensitization with picrylated proteins in incomplete Freund's adjuvant and was significantly enhanced when dead tubercle bacilli were added to the adjuvant oil. The mechanism by which tubercle bacilli promote cellular and delayed hypersensitivity remains obscure.
Delayed cutaneous hypersensitivity characteristically develops independently of the formation of antibodies demonstrable by present techniques. In these experiments, cellular hypersensitivity was also independent of humoral antibodies. While sensitization accomplished with the aid of mycobacterial adjuvant enhanced the development of cellular hypersensitivity, it had no significant effect on the titer of PCA or precipitating antibody, n Although circulating antibody and cellular hypersensitivity appeared together when animals were sensitized without adjuvant, antibody formation persisted despite decreasing hypersensitivity of pulmonary ceils.
Picryl gelatin, though active in inhibiting cell migration, failed to precipitate well with antipicryl gelatin antibody, suggesting that it is not the formation of antigen-antibody precipitates in the cultures which leads to specific inhibition of cell migration.
The independence of humoral antibody and cellular hypersensitivity was also suggested by their differing specificities. In PCA and precipitin reactions, these guinea pig sera reacted as well with a heterologous picryl conjugate as with the conjugate used to sensitize the animals, though the latter material alone inhibited cell migration. TM The evidence presented indicates that cellular hypersensitivity and delayed cutaneous hypersensitivity are related manifestations of the response to foreign antigen. It does not necessarily follow that this response is entirely separate from the antibody response. Salvin and Smith consider delayed hypersensitivity an immature step in the general immune response. They have reported that, like the development of delayed hypersensitivity, the development of the secondary antibody response to haptene-protein conjugates depends importantly on the carrier protein moiety of the conjugate. Animals exhibited a secondary response to a given conjugate only when they had been previously exposed to the protein moiety of that particular conjugate (7). The develop-11 It is interesting that higher titers of PCA antibody (but not of precipitating antibody) to picryl BGG developed when that antigen was administered in incomplete adjuvant. This may be attributable to differences in the type of antibody globulins elicited by the two forms of adjuvant. It has been reported that the development of ")'2-antibody is stimulated by sensitization with complete adjuvant and that such antibody blocks the PCA reaction (20) while reacting well in precipitation.
12 Although sera taken from these animals 3 weeks after sensitization reacted well with both conjugates, sera taken later in the course of sensitization contained precipitating antibody, a part of which could be absorbed only with the sensitizing material. Similar results have been reported by others (21) . ment of the secondary response depends on an acquired ability of immunologically competent cells to recognize and/or utilize a haptene-protein conjugate, and this ability seems to depend in turn on the protein moiety of the conjugate.
Using cells from rabbits undergoing a secondary response to alum-precipitated antigen, Dutton and Bulman (22) have demonstrated in vitro this same dependence of cellular recognition and/or utilization of antigen on a large area of the antigen molecule. These authors studied the incorporation of Cl~-thymidine into DNA of cultured cells from rabbits sensitized with protein conjugates of dinitrophenol. They showed that DNA synthesis by cells from DNP-BGG sensitized animals was stimulated by DNP-BGG but not by conjugates of DNP with ovalbumin, HSA or BSA.
Finally the development of the primary antibody response to haptenes is likewise known to depend on the carrier material to which haptene is conjugated. By definition unconjugated haptenes do not elicit an immune response, and they are similarly poorly antigenic when conjugated to certain monoamino acid polymers (23), or with copolymers of several D-amino acids (24) . On the other hand, conjugates of haptenes with copolymers of L-amino acids (24) or proteins function adequately to elicit primary response.
Cellular interaction with antigen results in both antibody production and delayed hypersensitivity. This interaction, whether resulting in antibody production, stimulation of DNA synthesis in vitro (22, 25) , delayed hypersensitivity, or inhibition of cell migration in tissue culture seems to involve an area of the antigen molecule larger than the haptene. The in vitro system described here provides a more direct method to measure this cell-antigen interaction and allows study of an aspect of the immune response not mediated by humoral antibody. Until the mechanism of delayed hypersensitivity is defined, it will be dflficult to determine that the inhibition of migration observed in culture is a manifestation specifically of such hypersensitivity. It seems as likely that cellular hypersensitivity is a manifestation of a cell-antigen interaction which is important in the development of both delayed cutaneous hypersensitivity and in the production of serum antibody.
SUMM'ARY
Some characteristics of inhibition of cell migration induced in tissue culture by the addition of specific antigen were studied. The following characteristics were found to be shared by this type of cellular hypersensitivity and delayed cutaneous sensitivity:
1. Specificity for the carrier moiety of haptene protein conjugates. The picryl protein conjugate used to sensitize guinea pigs inhibited migration of monocytic cells from these animals. Other picrylated proteins produced little inhibition.
2. Enhancement by mycobacterial adjuvants. Incorporation of tubercle bacilli with picrylated proteins in adjuvant-antigen emulsions stimulated the development of this cellular hypersensitivity to antigen.
3. Independence of circulating antibody. In contrast to cellular hypersensitivity, serum antibody (a) reacted with any of a number of picrylated proteins, (b) developed well in the absence of mycobacterial adjuvant, and (c) persisted in unchanged titer for 5 weeks in animals sensitized with saline solutions of antigen. During this time cellular hypersensitivity decreased remarkably.
The in vitro system described provides a direct method to measure cellantigen interaction and permits study of an aspect of the immune response not mediated by humoral antibody.
The relation of cellular hypersensitivity to antibody formation and delayed hypersensitivity is discussed.
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